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This  study  was  authorized  under  Project  4C99-02-00 2,  Wound 
Ballistics  {U}.  The  work  was  started  in  January  1956  and  completed  in 
June  1956.  The  report  was  submitted  for  publication  in  July  1959. 
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DIGEST 


;1 


In  these  experiments,  caliber  .  30  and  caliber  .22  bullets, 
caliber  .  30  fragment  simulators,  and  1/4- inch  steel  spheres  were  fired  into 
cylinders  of  20%  gelatin,  some  of  which  were  confined  in  rigid  plasticized 
fiber-glass  casings.  Tlio  data  derived  lead  to  the  following  conclusions: 

1.  A  useful  measure  of  the  cross  section  of  the  permanent 
missile  tract  in  20%  gelatin  is  afforded  by  the  length  of  the  longest  radial 
split  as  measured  on  the  surface  of  the  gelatin  cylinder  . 

2.  A  close  approximation  to  the  circumference  of  a 
temporary  cavity  in  20%  gelatin  is  obtained  by  multiplying  by  2  the  sum  of  the 
length  of  all  the  radial  splits  extending  from  the  missile  path  at  a  given  level; 

3.  The  formation  of  a  temporary  cavity  is  almost  com¬ 
pletely  suppressed  in  20%  gelatin  confined  in  a  rigid  casing  Radial  splitting 
of  the  gelatin  around  the  permanent  missile  path  is  also  greatly  reduced  in 
confined  gelatin  cylinders 


j  4.  Energy  absorption  in  20%  gelatin  shot  with  high- 

yelocity  missiles  is  independent  of  temporary-cavity  formation,  as  shown  by 
experiments  w'ith  confined  and  unconfined  cylinders. 


5  Momentum  transfer  in  20%  gelatin  is  also  independent 
'of  temporary-cavity  formation 

6.  More  than  99%  of  the  total  energy  absorbed  by  20%  . 
gelatin  frorh  a  nonperfor ating,  high-velocity  missile  is  available  for  tem¬ 
porary-cavity  formation.  If  the  formation  of  a  temporary  cavity  is  suppres¬ 
sed,  this  energy  presumably  is  dissipated  as  heat. 
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STUDIES  IN  WOUND  BALLISTICS:  TEMPORARY  ;; 

CAVITIES  AND  PERMANENT  TRACTS  PRODUCED  S 
BY  HIGH-VELOCITY  PROJECTILES  IN  GELATIN 

ii 

I.  INTRODUCTION  jj. 

Previous  studies  of  wounds  produced  in  excised  goat  muscles  and 
livers  by  stable,  high-velocity  rifle  bullets  have  shown  that  the  ,'c rose -sectional 
diameter  and  volume  of  the  temporary  and  permanent  cavities  are  related  in  a 
predictable  way.  *  Since  most  recent  quantitative  work  on  temporary  cavities 
has  been  done  using  20%  gelatin  to  simulate  animal  soft  tissues,^  it  seemed 
desirable  for  comparative  purposes  to  obtain  data  pertaining  to  the  relation 
between  temporary  cavities  and  the  associated  permanent  tracts  produced  by 
high-velocity  projectiles  in  gelatin.  Additionally,  it  has  been  possible  to 
obtain  new  information  about  the  temporary  cavity  from  experiments  that 
could  be  readily  performed  with  gelatin  models,  but  that  could  be  done  only 
with  difficulty,  if  at  all,  with  soft  tissue  masses. 

II.  MATERIALS  AND  METHODS. 

Cylinders  of  20%  gelatin,  12.  5  cm  in  diameter  and  either  12.5 
cm  or  20.  3  cm  long,  were  used.  For  experiments  in  which  the  cylinders 
were  rigidly  confined,  the  gelatin  was  poured  into  open-end  cylindrical  casings 
of  1/ 4- inch-thick  plasticized  fiber  glass  of  appropriate  length,  with  an  insi.de 
diameter  of  12.  5  cm.  all  the  experiments,  the  gelatin.  "cyHinder-a  wjsa-e  kept 
aLlO°G  for  at  leasj  24r  bdurs  prior  to  shooting  to  insiire  dnifornv  consistency 
of  the  gelatin. 

Missiles  used  in  the  experiments  included:  caliber  .30,  168-grain 
armor-piercing  (AP  M2)  and  152-grain  ball  (M2)  rifle  bullets;  caliber  .  22 
Hornet,  45-grain,  full-patch  and  soft-nose  bullets;  caliber  .30,  44-grain- 
fragment  simulators;  and  1 /4-inch-diameter ,  16-grain  steel  spheres  (figure  1). 

Appropriate  rifle  barrels,  fitted  into  a  universal  receiver,  were 
used  to  fire  the  different  missiles  Velocities  ranging  from  1000  ft/sec  to 
3200  ft/ sec  were  achieved  by  varying  the  powder  load.  Methods  used  in  this 
laboratory  for  measuring  and  recording  bullet  velocities  have  been  described 
in  detail  by  Grossman.  ^  The  instrumentation  for  determining  entrance  and 
residual  velocities  is  the  same,  the  only  difference  being  in  the  position  of 
the  velocity  screen  holders  with  respect  to  the  target. 
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">  Temporary  cavities  were  visualized  by  means  of  micro^eieond- 
exposure  X-rays  produced  by  a  Westinghouse  "Micronex"  apparatus, r  4  Meas¬ 
urements  of  the_  diameter s_  of  temporary  cavities  were  obtained  directly  from 
the  film  and  corrected  for  the  distance  between  the  missile  path  and  the  film 
at  the  time  of  exposure*  Temperature  variations  of  the  gelatin  cylinders 
following  equilibration  at  10°C  for  24  hours  were  so  slight  that  they  could  be 
neglected  in  calculating  the  actual  temporary-cavity  diameters.  Measure¬ 
ments  of  the  permanent  tracts  were  made  direfctly  on  the  blocks,  which  were 
cut  transversely  across  the  missile  path  at  a  level  at  which  the  temporary- 
cavity  diameter  was  found  to.be  greatest.  Photographs  of  the  cut  surfaces  of 
all  blocks  were  taken  for  a  permanent  recorjjd. 


III.  RESULTS. 


A.  Comparison  of  Cross-Sectional  Diameters  of  Temporary  Cavities 
and  Permanent  Tracts  in  Gelatin. 

The  results  obtained  with  various  projectiles  fired  into  12.5-cm- 
long  gelatin  cylinders  are  summarized  in  table  1.  The  data  shown  in  the 
table  pertain  to  nontumbling  projectiles. 

Temporary  cavities  formed  in  gelatin  by  similar  projectiles  under 
comparable  circumstances  are  remarkably  uniform  in  size  and  shap^.  This 
is  reflected  in  table  1  by  the  low  values  for  the  standard  deviation  of  the 
diameter  of  the  temporary  cavities  in  the  different  groups.  Representative 
temporary  cavities  produced  by  different  missiles  are  shown  in  figure  2.  " 


Cross  sections  of  representative  permanent  tracts  are  shown  in 
figure  3-  11  The  pictures  show  a  variable  number  of  straight  cracks  extending 
radially  from  the  missile  path.  A  simple  way  to  obtain  a  measurement  of  the 
cross  section  of  the  permanent  tract  is  to  measure  th£  length  of  the  longest 
radial  split.  This  is  a  more  variable  quantity  than  the  temporary- cavity 
diameter,  as  indicated  by  the  magnitude  of  the  standard  deviation  shown  in 
table  1.  The  data  show,  however,  that  for  the  missiles  used  at  the  velocities 
given  the  longest  ratdial  split  provides  a  useful  measure  of  the  cross  fjectiori 
of  the  permanent  missile  tract.  In  figure  4,  temporary- cavity  diameter  is 
shown  plotted  against  the  corresponding  longest  radial- split  measureihent. 
There  is  remarkably- little  scatter  in  the  point  distribution,  which  appears  to 

be  essentially  linear.  *  A  '  »•-' ■ 
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Coiisideration  of  the  mechanics  of  the  formation  of  a  temporary  , 
cavity  suggests jjthat  twice  the  sum  of  the  length  of  al.l  the  radial  splits  at  any 


TABLE  1 


<'  a>  o'  ifi  os 

..  -1  -•  -<  n  t'-r-t'-co 


a  5  Sir*  5  s-« 


O  ^  0s  ^  l— « 

fO  O'  Tt<  h-  o 

Is  >  O  Tf  N  ^ 
f0  f\J 


2  S  S-i  ^  '°  f  ®  ho 

r-Mm  in  9*  <*g  c-  m  ,*5 


SSSS22  £52  $23* 


g  'f'n»ooo«  *-o  co  Jh  ^  c  o'  g  n  „  ^ 

“'.'"1"  -  *  N  jH*  9*1  90  4  oo  O  *#.  f.,' 


,  ,  N-hQ  MiMh  44 


g  T  ~  2  °  2,  2  '1°“|  0*00,IOOH» 

00  r-  vo  in  irj-  M  tH  ^  rj  ;;go  V  po  _'  ^  9,'  ^ 


P  P  H  o  i)1  —»  O  O 


°  -«  ©  P  -* 


iA  rf< 


iiiii  Him  mi  I 


3  ^  I-  S  |  3 
„  §  ?“• '  §,’! 
ollu  ?| 


S  -:#.  v 


FIGURE  2 

"  „  .  '  .  />  -  ..  <» 

MICROSECOND-EXPOSURE  X-RAYS  OF  TEMPORARY  CAVITIES 
PRODUCED  IN  20%  GELATIN  BY  VARIOUS  MISSILES,  v 
EACH  EXPOSURES  WAS  MADE  2000  MICROSECONDS 
AFTER  IMPACT.  A.  CALIBER  .  30  AP.  M2.  B.  CALIBER 
.  30  M2  BALL.  C.  CALIBER  .22  HORNET  FULL-PATCH. 

D.  CALIBER  .  30  FRAGMENT  SIMULATOR. 


FIGURE  3 


CROSS  SECTIONS  OF  PERMANENT  TRACTS  IN  CONFINED 
20%  GELATIN  CYLINDERS.  A.  CALIBER  .  30  AP  M2. 

3.  CALIBER  .  30  M2  BAIX.  C.  CALIBER  ,  30  FRAGMENT 
SIMULATOR.  D.  CALIBER  .22  HORNET  FULL- PATCH. 
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given  level  of  the  missile  path  in  a  gelatin  cylinder  might  be  expected  to 
approximate  the  circumference  of  the  temporary  cavity  at  the  same  level. 
Accordingly,  the  length  of  each  radial  split  extending  from  the  missile  path 
(caliber  .  30  fragment  simulator)  in  each  of  fe  number  of  gelatin  cylinders 
was  measured.  The  quantity  so  obtained  was  multiplied  by  2.  The  re¬ 
sulting  value  was  compared  with  the  computed  circumference  of  the  temporary 
cavity  at  the  same  level.  As  shown  in  table  2,  there  is,  for  the  most:  part, 
very  close  agreement  in  the  values  obtained.  Comparable  results  were  ob¬ 
tained  in  a  few  other  instances  in  which  measurements  were  made  »in  cylinders 
shot  with  different  missiles.  It  "seems  safe  to  assume  on  the  basis  of  these 
results  that  a  useful  approximation  to  the  cross-sectional  dimensions„of  a 
temporary  cavity  produced  in  20%  gelatin  by  a  high-velocity  missile  can  be 
achieved  by  the  method  described  here.  „ 

V  ,  TABLE  2  Vl 

COMPARISON  OF  THE  SUM  OF  THE  RADIAL  SPLITS  TIMES 
“  2  AND  THE  CIRCUMFERENCE  OF  THE  TEMPORARY  CAVITY 

PRODUCED  IN  20%  GELATIN  CYLINDERS  BY  CALIBER  ■  30, 

44  -  GRAIN  -  FRAGMENT  SIMULATORS  AT  A  VELOCITY  OF  1500  FT/SEC 
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h  It!! is 'Worthwhile  to  note  at  thip  point  the1  very  greit  differences  in 
the  percentage  of  the  initial  kinetic  energy  of  the  missile  absorbed  by  gelatin 
cylinders  shot  with  different  types  of  missiles,  as  shown  in  tire  last  column 
of  table  1.  At  'comparable  velocities,  a  caliber  .  30, u  44- gr  aid-*  fragment  v, " 
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aimulator  gives  up  from  71%  to  83%  of  its  energy,  while  the  AP  M2  and  M2 
ball  bullets  give  up  only  from  7%  to  10%.  Interestingly,  the  caliber  .  22 
Hornet,  45-grain  full-patch  bullet  loses  a  higher  percentage  of  itB  energy  than 
does  the  caliber  .  30  rifle  bullet.  Among  the  factors  that  influence  the  amount 
of  energy  a  particular  missile  loses  .upon  penetrating  a  target  medium  are 
the  shap«.  and  ajrea  of  the  presented  surface.  5  In  the  case  of  a  riontumbling 
bullet  this  is  dependent  on  the  ogive  of  the  bullet  as  well  as  its  resistance  to 
deformation. 


B.  Suppression  of  Temporary-Cavity  Formation  in  Gelatin. 

The  results  presented  in  the  preceding  section  suggest  that  factors 
influencing  the  expansion  of  a  temporary  cavity  would  have  a  corresponding 
effect  on  the  permanent  tract.  Whether  the  slope  of  the  linear  function  is 
changed  is,  however,  a  friatter  for  conjecture  at  this  time. 

"  ’  '  ..  .  " "  k 

It.  has  been  found  possible  to  suppress,  almost  completely  the  ex¬ 
pansion  of  the  temporary  cavity,  which  would  otherwise  occur  following 
passage.of  a  high-velocity  missile  through  a  medium  s=uch  as  20%  gelatin,  by 
confining  the  gelatin  in  a  rigid  casing.  In  the  present  experiments  radial  , 
expansion  tfas  largely  prevented  by  molding,  the.  gelatin  in  cylinders  of  1/4- 
inch-thick  plasticized  fiber  glass  (figure,  5a).  Plasticized  fiber  glass  is 
highly  nondeforming  and  has  an  extremely  high  resistance  to  shattering.  Most 
of  the  longitudinal  component  of  the  expansion  was  suppressed  by  clamping 
3/8-inch-thick  plates  of  hardened  aluminum  alloy  to  the  open  ends  of  the  ,  \ 
gelatin-filled  cylinders.  A  1 -inch-diameter  hole  was  provided  in  the  center 
of  each  end  plate,  except  in  the  special,  case  to  be_described  in  a  subsequent 
section,  to  allow  unimpeded  passage  of  the  projectile  through  the  gelatin.  A 

completed  20.  3~cm-cyjinder  asseftjbry  is  shown  in  figure  5b...  ,,  ■ 

:■  •• 

J  rj  >  t  ’  ••••  -  , 

For  cohtrol  purposes,  unencased  gelatin  cylinders  were  clamped 
between  end  plates  with  just  sufficient  pressure  to  hold  the  cylinders  in  - 
place.  Control  cylinders  are  henceforth  referred  to  as  "unconfined,  "  while 
the  encased  cylinders  are  referred  to  as  "confined. " 


Suppression  of  temporary-cavity  formation  is  illustrated  in  the 
microsecond-exposure  roentgenograms  shown  in  figures  6  and  7.  The 
short  cylinders  (12.  5  cm),  shown  in  figure  6,  were  shot  wiljjb,  caliber  .  30 
AP  M2  bullets  at  a  velocity  of  about  2800  ft/ sec.  The  long  cylinders  (20.  3 
cm),  sliown  in  figure  7,  were  shot  with  caliber  .  22  Hornet  soft-nose  bullets 
at  a  velocity  of  about  2400  ft/ sec.  The  Hornet  bullets  mushroomed  and  failed 
to  perforate  the  cylinders.  „In  the  case  illustrated  in  figure  6,  the  roent¬ 
genograms  were  obtained  at  a  time,  following  bullet  impact,  at  which  the 
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\\  FIGURE  5 
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Elastic ieed  fiber-glass  casing  20. 3  cm  long 

1/44N.  \ALL  THICKNESS.  B.  CASING  WITH 
3 / 8— IlSf .//  ALUMINUM  ALLOY  END  PLATES 
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temporary  cavity  would  normally  achieve  its  maximum  expansion.  It  can 
be  seen  that  there  is  only  a  trace  of  a  temporary  cavity  in  the  Confined 
cylinder,  but  in  the  unconfined  one  a  temporary  cavity  of  normal  size  appears. 
In  the  series  of  pictures  shown  in  figure  7,  the  microsecond-exposure  roent¬ 
genograms  were  obtained  at  intervals  of  250  microseconds  —  from  250  to 
2500  microseconds  following  bullet  impact.  In  no  case  did  more  than  a  trace 
of  a  temporary  cavity  appear  in  the  confined  cylinders.  On  the  other  hand, 
in  the  controls  and  in  completely  unrestrained  cylinders  the  time  constants 
for  the  development  of  temporary  cavities  of  normal  size  were  about  the 
same.  The  X-rays  covered  a  tirne  span  long  enough  to  make  certain  that 
cavity  formation  was  not  simply  displaced  in  time  in  the  confined  cylinders. 

It  should  also  be  noted  here  that  plasticized  fiber  glass,  in  the  thickness  y. 
employed  in  the  casings,  is  sufficiently  transparent  to  X-rays  so  that  the 
casing  does  not  interfere  With  visualization  of  a  cavity  within  the  contained 
gelatin.  This  is  demonstrated  by  figure  8,  which  shows  a  microsecond- 
exposure  roentgenogram  of  a  confined  gelatin  cylinder  in  the  cepter  of  which 


a  1 -inch -diameter  hole  had  been  manually  excavated. 


// 


The  permanent  tracts  in  confined  gelatin  cylinders  present  a  re¬ 
markable  appearance  when  viewed  from  the  side  or  in  cross  section.  Figures 
9  arid  10  show  cylinders  that  had  been  shot  with  caliber  .  30  XP  M2  bullets 
at  2800  ft/ sec  and  caliber  .22  Hornet  soft-nose  bullets  at  2400  ft/sec,  re¬ 
spectively.  It  can  be  seen  in  each  case  tKat  in  the  confined  cylinders  there  .Sj 
is  practically  no  radial  splitting.  This  is  in  marked  contrast  to  the  unconfined1' 
cylinders,  in  which  the  permanent  tract  is  Characterized  by  numerous  radial 
splits.  It  is  apparent. then,  that  suppression  of  the  temporary  cavity  is 
accompanied  by  concomitant  suppression  of  radial  splitting  around  the  missile 

path.  . . . 

r  •,  •  .  - . .  •  _  «...  11  \ 

C.  Energy  Absorption  in  Confined  and  Unconfined  Gelatin  Cylinders. 
Shot  with  High-Velocity  Projectiles.  "  J’ 

,j  A  series  of  18  12.  5 -cm  confined  gelatin  cylinders,  and  13  un- 
confined'cylinders  of  the  same  length,  were  shot  with  caliber  .  30  AP  M2 
bullets  at,, a  velocity  of  about  2800  ft/ sec.  Initial  and  residual  bullet  velocities  i 
were  recorded,  and  the  amount  of  energy  absorbed  by  the.  gelatin  in  each 
case  was  calculated  according  to  the  equation  ... 

-  r  ■  Bab  -  rnLuJi,  '  '  ,  : 

f  2g-  .. 

where  W  is  weight  of  the  bullet  in  pounds,  VQ  and  Vr  are  initial  and  residual/ 
velocities,  respectively,  in  ft/ sec,  g  is  the  acceleration  caused  by  gravity, 
and  Eab  is  the  energy' absorbed  in  foot  pounds.  ”  I' 
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^£R0®f*COND'EXPOSVRE  X'RAY  OF  A  GELATIN  CYLINDER  WITH  A 
A uf»  ™R°UGH  ™E  CENTER,  CONFINED  WITHlS 

A.I/4-IN.  -THICK  PLASTICIZED  FIBER-GLASS  CASING 


FIGURE  10 


PERMANENT  TRACTS  IN  CONFINED  AND  UNCONFINED  CYLINDERS  MADE  BY 
CALIBER  .  22  HORNET  SOFT -NOSE  BULLETS.  NOTE  THE  DEFORMED 
BULLET  EMBEDDED  IN  EACH  CYLINDER.  INSERTS  SHOW  A  MUSHROOMED 
BULLET  RECOVERED  FROM  A  GELATIN  CYLINDER  IN  COMPARISON  WITH  AN 
UNDEFORMED'  BULLET .  A.  UNCONFINED  CYLINDER.  B.  CONFINED"CYLINDER. 


'  ■  ”  *  "  .  '■  -  :li  *«  -  .  “ 
"  /■  ^  ..  '! 

From  the  data  shown  in  table  3,  it  was  found,  by  applying,  the  •' 
t  test,  that  there  was  no  significant  difference  in  the  amount  of  energy 
absorbed  in  confined  gelatin  cylinders  and  in  unconfined  cylinders  when  each 
was  shot  with  AP  M2  bullets  (p  >  0.05).  jjSince,  however,  A P  M2  bullets 
lose  less  than  10%  of  their  total  kjnetic  energy  in  passing  through  12.5  cm 
of  20%  gelatin  at  the  velocities  employed  in  these  experiments,  another  series 
of  six  confined  and  an  equal  number  of  unconfined  gelatin  cylinders  were  shot 
with  1/4-inch  steel  spheres.  The  impact  velocity  of  the  spheres  was  be¬ 
tween  2400  and  2500  ft/ sec,  and  at  this  striking  velocity  they  lost  approxi¬ 
mately  70%  of  their  initial  kinetic  energy  upon  traversing  12.  5  cm  of  20% 
gelatin.  Again,  however,  the  data  as  shown  in  table  3  indicate  that  there  is 
no  significant  difference,  by  t  test  (p  >  0. 05),  between  the  confined  cylinders 
and  the  controls  with  respect  to  the  amount  of  energy  absorbed. 

If 

It  would  appear  from  these  results  that  the  amount  of  energy 
transferred  from  a  high-velocity  missile  to  20%  gelatin  is  independent  of 
constraining  forces,  that  may  be  imposed  on  the  gelatin.  In  this  connection, 
it  should  be  noted  that  microsecond  X-rays  of  gelatin  blocks  shot  with  the 
1/4-inch  spheres  show  that  temporary, cayity  formation  is  almost  com¬ 
pletely  suppressed  in  confined  cylinders,  as  in  the  case  of  cylinders  shot 
with  AP  M2  and  caliber  .  22  Hornet  bullets. 

D.  Transfer  of  Momentum  in  Confined  and  Unconfined  Gelatin 

Cylinders. 

The  fact  that  energy  absorptioh  appears  to  be  independent  of  ex¬ 
ternal  constraining  forces  imposed  on  gelatin,  and  hence  is  also  independent 
of  temporary-cavity  formation,  raises  the;! question  of  whether  the  suppression 
of  a  temporary  cavity  is  compensated  for  by  a  measurable  difference  in 
momentum  transfer  in  confined  as  compared  with  unconfined  gelatin  cylinders. 

Preliminary  experiments  indicated  that  unambiguous  results 
might  best  be  achieved  with  a  system  in  which  the  missile  would  impart  all 
of  its  kinetic  energy  to  a  gelatin  cylinder  set  up  as  a  ballistic  pendulum. 
Experience  with  the  caliber  .  22  Hornet  soft-nose  bullet  had  shown  that, 
when  fired  a.t  a  velocity  of  about  2400  ft/ sec it  is  defeated  by  15  cm  to  18 
cm  of  20%  gelatin.  ..Defeat  of  the  bullet  is  the  result  of  mushrooming,  which 
occurs  very  soon  after  impact,  figure  10b  (insert)  shows  a  soft-nose  Hornet 
bullet  that  was  recovered  from  a  gelatin  cylinder  into  which  it  had  been 
fired.  It  can  be  seen,  by  comparison  tvith  the  accompanying  picture  of  an 
undeformed  soft-nose  Hornet  bullet,  that  mushrooming  of  the  bullet  results 
in  a  great  increase  in  its  presented  area:  The  temporary  cavity  produced  in 
an  unconfined  gelatin  cylinder  by  this  bullet  is  very  large  (figure  7a),  and,  as 
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noted  in  a  preceding  section,  is  almost  completely  suppressed,  in  confined 
cyji'ndera  (figure  ?b-tQ\f).  ;; 
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j  For  the  p  rife  sent  experiments,  long  gelatin  cylinders  (2(h3  cm)  were 
ause  the  caliber  .22  Hornet  soft-nose  bullet  is  extremely  accurate 
at  the'10-yard  range  atiwhich  it  was  used,  a  3/4-inch-diameter  hole  in  the 
front  jnd  plate  proved  large  enough  to  permit  unimpeded  penetration  of  the 
gelatii.  The  back  end  plate  was  not  provided  with  a  hole.  It  seems  safe  to 
say  that  only  an  insignificant  fraction  of  the  bullet  energy  was  dissipated  by 
blowbp.ck  through  the  entrance  hole  in  the  front  plate.  In  no  case  was  a  grossly 
detectable  amount  of  gelajin  lost  by  backsplash  through  the  entrance  hole. 

Figure  11  shows  how  the  gelatin- cylinder  assembly  was  Suspended 
by  10-mil  piano  wire  from\the  ceiling  of  the  room  in  which  firings  were  held. 
The  fixed  points  of  the  suspension  w^re  48  inches  apart  on  the  ceiling,  and 
the  vertical  distance  from  these  points  to  the  center  of  the  entrance  hole  was 
73.  5  inches. t'  The  assembly  swung  freely  in,, a  longitudinal  direction  (in  the 
direction  of  the  biillet  path),  but  transverse  oscillation  was  sufficiently  damped 

to  be  negligible.  r  „  AV  ’ 

»>■  "  ii  '  “  .  n 

"  jp  " 

Horizontal  displacement  of  the\\gelatin  assembly  was  recorded  on  " 
16-mm' moving  picture  film,  exposed  at  a  fat e .of  64  frame s^ per  second.  The 
horizontal  amplitude  of  swing  could  be  directly  determined  by  the  use  of  a 
Vanguard  motion  analyzer  in  conjunction  with  a  fixed  scale  in  each  frame  of 
the  film.  The  period  of  swing  was  determined  by  observation  at  the  time  of 
shooting.  Since  the  velocity  of  a  bifilar  pendulum  at  the  center  of  itB  swing 
is  very  nearly  fg~~ 

|!  TT' 

where  d  is  the  horizontal  amplitude  of  Swin'j 
swing,  and  g  is  the  acceleration  of  gravity, 
was  calculated  according  tothis  relation. 


, 


,  1  is  the  radius  of  the  arc  of 

o 

the  velocity  of  the  present  system 


From  the  laws  for  a  simple  pendulum  of  length  1, 

Jlf- 

t  = .  .  2n\ 


where  1  is  time  of  the  period  in  seconds^  Rearranging  this  expression, 

Vf-  i 

ii  / 

g 


Hence,  since  t  Was  known  ih  the  present  instance,  y-j-  could  be  calculated 
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directly.  The  weight  of  each  gelatin  assembly  was  recorded  prior  to  its  being 
shot,  so. that  the  momentum  of  the  systemf  could  then  be  calculated  according 
to  the  relation  I' 


where  w  is  'the  weight,  g  the  acceleration  of  gravity,  and  v  the  velocity.  The 
weight  of  the  bullet  was  negligible  in  comparison  with  the  weight  of  the  cylinder 
assembly  and  could  be  neglected  in  calculating  the  momentum  of  the  system. 

Initial  bullet  velocities  were  recorded  and  bullet  momentum  cal¬ 
culated.  In  addition  to. determining  the  momentum  of  the  gelatin, assemblies 
and  the  bullets,  their  respective  kinetic  energies  were  also  calculated 
according  to  the  relation 


“  KE  =  mv4 . 

In  the  case  of  the  gelatin  system,  v  was  the  displacement  velocity.  The  KE 
manifested  by  the  gelatin  assembly  as  moj^rvjwas  compared  with  the  total 
energy  absorbed  by  the  system,  which  was  Assumed  to  be  equivalent  to  the 
kinetic  energy  of  the  bullet  prior  to  impact.  ' 

I  '■  . ' 

In  order  to  Eliminate  as  many  variables  as  possible  in  the  ex¬ 
perimental  design,  a  lead  sheet  was  attached  to  each  control  (imcoriiined)  ,/ 
system  to  compensate  for  the  difference  in  weight  because  of  the  casing  ^  ° 
in  the  confined  cylinder  assemblies."  n 

.  ..I  '  '  "  ”  ■'  " 

Ten  confined  and  an  equal number  of  unconfined  gelati  i  cylinders 
were  shot;-  The  results,:  aye  shown  in  table  4.  The  momentum  acquired  by 
the  gelatin  systems  accounted  for  from «94%  to  98%  (mean  values)  Jof  the 
momentum  lost  by  the  bullets,  where  the  latter  is  taken  as»equaljto  momentum 
prior  to  impact,  while  the  kinetic  energy  of  the  gelatin  systems  manifested 
as  motion  represents  less  than  0.1%  of  the  total  energy  absorbed.  The 

statistical  significance  of  differences  between  the  mean  values  of  the  ratios 
cylinder  momentum  cylinder,  KE  „ 
bullfet  momentum"  and  bullet  KE  ’  for  the  two  SrouP8'  was  assessed, by 
the  t  test.  In  neither  case  Were  the  differences  found  to, be  significant  (p 

>0.65).  '•  ”  -  T  .  . . . "  "  v.  • 

,  „  "  -  '•  ••  »'  ■-  . .  •' 

Implications  of  the  results  of  these  experiments  will  be  con¬ 
sidered  in  the  following  ..section. 


..  ,;w.  ■  » 
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„  '  TABLE  4  ••  "  | 

COMPARISON  OF  MOMENTUM  AND  KINETIC-ENERGY  TRANSFER  /[  — -  , 

IN  CONFINED  ANB  UNCON.TINED  20%  GELATIN  CYLINDERS  WITH 
RESPECT  TO  THE  lytOMENTl/M  AND  KINETIC  ENERGY  OF  THE  BULLETS  1 

(Caliber  .22  Hornet,  45-Grain  Soft  Nose)  „  '  I 


Unconfined  cylinders 


1 

.462 

15 

.  508  “ 

.  909 

.221 

644.  1 

-  3.43 

2  V 

.503 

.  505 

.996 

.272 

637.  6 1 

4: 26  • ;; 

••  "3 

..  .  502 

.  501 

I.  001 

.264 

627.  0 

4.  21 

.  4 

\  493 

.510 

,,966 

.261 

650 ;  8 

4.01 

.  5 

.  502 

.496 

1.012 

.259 

614.  5 

4.  21 

6 

.  48£ 

.499 

•  .977 

.246 

623.  0 

3.  94" 

7 

.493 

,  499 

.987 

.249 

623.  0 

...  3  .  99 

'  8  - 

.491 

.501 

■A.  .  980 

.  247 

627.5 

3.93 

.  9 

"  .  480  „ 

.495 

\  •  969 

.236 

612.  6 

3.  85 

“  10  \ 

„  .502  .v 

.  507 

»  ■  990 

.259 

641.6 

4.03 

Mean: 

■\  .979 

— 

— 

3.99 

Std  dev: 

:•  *’  — 

'i  .033 

■ 

— 

0.27 

j|{ 

'Moment  =  momentum 
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IV.  DISCUSSION.  " 

^  Within  recent  years,  microsecond-exposure  roentgenographic  _ 

techniques,  Combined  with  high-speed  cinematography,  have  been  successfully 
applied  to  the  problem  of  assessing  the  wounding  power  of  high-velocity  pro¬ 
jectiles.  ^ •  These  methods  require  elaborate  equipment  and  instrumentation, 

and  hence  are  not  available  in  many  situations  where  accurate  evaluation  of 
high-velocity  missile  effects  would  be  of  immediate  significance.  i/For  ex¬ 
ample,  the  surgical  problem  of  debridement  of  wounds  produced  by  such 
missiles  involves  assessment  of  the  extent  of  tissue  damage  where  there  may 
be  no  grossly  apparent  pathological  changes.  •  » 

!!  -•  ..  ° 

The  extent  to  which  stresses  initiated  by  the  explosive  radial 
1  acceleration  of  tissues,  occasioned  by  temporary- cavity  formation,  may  be 
directly  responsible  for  primary  irreversible  damage  to  the  tissues  has 
recently  been  at  least  partially  resolved  in  the  case  of  striated  muscle.® 
Secondary  effects,  probably  mainly  because  of  the  disruption  of  the  blood 
supply  in  the  region  of  a  missile  wound,  are  well  known  jjto”  occur  at  a  distance 
from  the  permanent  cavity.  Harvey,  et  al;,  ®  .  have  suggested  that  the  region 
surrounding  the  permanent  cavity  (in  which  extravasated  blood  is  seen)  pro¬ 
duced  by  a  high-velocity  missile  constitutes  a  region, of  primary  tissue 
damage.  The  validity  of  this „assum^t|on  has  been  recently  questioned. 

In  any  event,  the  development , .of  valid  criteria,  by  means  of  which  the  size 
(especially!  the  diameter)  of  the  temporary  cavity  produced  by  a  high-velocity 
missile  infsoft  tissue  can  readily  be  approximated  by  at;  surgeon  under  "field" 
conditions',  is  one  objective  of  current  investigations.  »' 

“  Studies  of  wounds  produced  by  high-velocity  bullets  in, isolated-' 
soft  tissues  of  goats  have  shown  that  there  is,  at  least  under  controlled  con¬ 
ditional’,  a  predictable  relation  between  the  cross -sectional  diameters,  as  well 
as  the  ‘{volume,  of  the  temporary  and  corresponding  permanent  cavities.  *  Re¬ 
sults  obtained  in  the  present  investigation,  with  20%  gllatin  models  provide 
additional  evidence  that  the  diameter  of  a  maximally  /'expanded  temporary  cavity 
varies  directly  with  the  cross-sectional  dimensions  &£  the  permanent  missile 
tract.  From  the  data  presented  in  table  1,  the  relation  of  the  temporary  cavity 
and  the  longest  radial  split,  representing  the  cross  section  of  the  permanent 
tract,  can  be  expressed  as  a  ratio..  It  is  of  interest  that,  for  tMsyarious 
missiles  at  the  different  velocities  shown  in  the  table,  tins  ratio  varies  over 
a  relatively  small  range  of  1. 3  to  2.  0,  with  a  mean  of  1.  7,  coefficient  of 
variation  11%.  In  soft  tissues  (isolated  liver  and  muscle  of  a  goat),  the  cor¬ 
responding  ratio,  calculated  from  data  for  wounds  produc|d  by  stable  AP  M2 
bullets  at  different  velocities, varied  from  2.  0  to  7.  0  (mean  values),  the  co¬ 
efficient  of  variation  being  13%  to  33%.-  "  It  is  not  surprising  that  gelaitin 

if  ~  ~  ;•  ; 
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models  yield  more  consistent  Jesuits,  since  they  are  homogeneous  in  com¬ 
position  and  the  dimensions  of  the  test  cylinders  are  constant.  The  results 
of  the  gelatin  studies  provide  substantial  evidence  that  the  I  rationale  of  the 
tissue-wound  investigations  cited  Above  is  sound.  \ 


..  •>:? 


The  present  results  also  suggest  that  a  useful. approximation  of 
the  dimension  of  a;  temporary  cavi|y  in  20%  gelatin  can  be  achieved  without 
recourse  to  elaborate  instrumentation.  As  shown  here,  twice  the  sum  of  the 
length  of  all  of  the  radiating  cricks,  at  a  given  level  ‘pf: a  permanent  tract  in 
gelatin,  is  closely  equivalent  to  the  circumference  of  this  temporary  caVity 
at  the  same  level.  By  utilizing  this  simple  relation,  doj|np^t‘>tive  estimates 
of  missile  wounding  power,  in  terms  of  temporary-caVi|y  dimensions,  might 
be  achieved",'  in  at  least  a  preliminary  way,  in  installations  in  which  micronex 
and  high-speed,,  movie  equipment  are  not  available. 

It  .  .  « 

"  The  phenomenon  of  temporary-cavity  suppression  in  gelatin, : 
cylinders  confined  within  a  rigid  casing  is  of  considerable  interest.  It  pro¬ 
vides  strong  presumptive  evidence  that  where  tissues  and  organs  within  the 
Ijody  are  subjected  to-constraining  forces,  the  temporary  cavity  produced  by 
a  high- velocity  missile  will  be  modified  accordingly  Since  all  tissues  and 
organs  within  the  body  are  subjected  to  constraining  of  variable  mag-j 

nitude;  it  follows  that  results  of  wounding  experiments  with  isolated  organs  ' 
may  not  be, directly  applicable  to  the  same  organs  in  situvri;  This,  of  course, 
introduces  a  complicating  factor  in  the  attempt  to  establish  criteria  for  in¬ 
direct  estimation  of  the  dimensions  of  the  temporary  cavity  in  an  organ  in 

situ.  ' 

•  ■  “  "■  •  ■  ..  -  I  ^<1  '  "  - 

The  fact  that  energy,  absorption  and  mb  men  turn  transfer  in  20% 
gelatin  shot  with  high-velocity  missiles  are  apparently  independent  of  the 
formation  of  a  temporary  cavity  suggests  that  the  latter  •ist but  an  alternative 
mode  . of  energy  dissipation  in  this  system.  It  has  beenshbwn^  that  expansion 
of  a  tempbrary  cavity  in  20%  gelatin  is  accompanied  by,  an  (equivalent  lateral 
displacement  of  the  gelatin.  If  this  displacement,  is  prevented  by  an  external 
constraining  force,  an  internal  cavity  will  not  form  beOauae  20%  gelatin  is 
nearly  incompressible.  Whether  any  appreciable  degree  of  solution  occurs 
with  the  pressures  involved  has  not  been  determined.  It  is  possible  that  the 
absence  or  near-absence  of  radial  splitting  of  the  gelatin  surrounding  the 
permanent  tract  in  a  confined  block, is  the  result,  in  part^of  a  transient 
solation  of  the  gelatin  occurring  in  this  region.  It  would  seem  a  reasonable 
assumption  that  by  far  the  greater  part  of  the  energy  that'iwould  be  manifested 
in  formation  of  a  temporafy„cavity  in  uhconfined  gelatin  ip,  in  a’confined  mass, 
dissipated  as  heat.  The  possibility  of  detecting  and  measuring  this. .heat, -how¬ 
ever,..  seems  very  slight  because  of  the  technical  problers’J  involved. 
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A  further  point  that  deserves  mention  here  is  the  fact  that  from 
94%  to  98%  of  the  momentum  of  the  bullet  was  accounted  for  by  the  momentum 
acquired  by  the  gelatin  system  acting  asT  a  ballistic  pendulum.  Losses  because 
of  fricticfn  in.  the  pendulum  Suspension,  blowback  through  the  entrance  hole 
(though  loss  of  gelatin  through  backsplaah  appeared  to  be  virtually  nil),  and  » 

bouncing  and  other  oscillations  of  the  system  that  could  not  be  readily  measured  // 
probably  account  for  the  remaining  2%  to  6%.  f 

V.  CONCLUSIONS.  -  \  1  -  °°  ■? 


1.  f  A  useful  measure  of  the  cross  section  of  the  permanent  missile 
tract  in  20%  gelatin  is  afforded  by  the  length  of  the  longest ''radial  split  as 
measured  on  the  surface  of  the  gelatin  cylinder. 


2.  A  close  approximation  to  the  circumference  of  a  temporary  cavity 
in  20%  gelatin^  is  obtained  by  multiplying  by  2  the  sum  of  the  length  of  all  the 
radial  splits  extending  from  the  missile  path  at  a  given  level.  »  *» 


.3*  .  The  formation  of  a  temporary  cavity  is  almost  complexly  sup-  7 
pressed  in  20%  gelatin  confined  in  a  rigid  casing.  Radial  splitting  of  the 
gelatin  around  the  permanent  missile  path  is  also  greatly  reduced  in  confined 
gelatin  cylinders.  ", 

.  I  4.  Energy  absorption  in  20%  gelatin  phot  with  high-velocity  missiles 
»is  independent  of  temporary-cavity  formation,,  as  shown  by  experiments  with 
confined  and  unconfined  cylinders. 

5.  "  Momentum  transfer  in  20%  gelatin  is  also  independent  of  tem¬ 
porary-cavity  formation.  i..„  '' 

6.  More  than  99%  of  the  total  energy  absorbed,  by  20%  gelatin  fro|n  a 
nonperforating  high-velocity  missile  is  available  for  temporary-cavity  for- 

■  mat  ion.  ..If  the  formation  of  a  temporary  cavity  is  suppressed,  this  energy 
presumably  is  dissipated  as  heat. 
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.  DEFINITELY  RELATED  GOVERNMENT  PRO 
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